Vitamin B12 functions as a cofactor for methionine synthase to produce the anabolic methyl donor S-adenosylmethionine (SAM) and for methylmalonyl-CoA mutase to catabolize the short chain fatty acid propionate. In the nematode Caenorhabditis elegans, maternally supplied vitamin B12 is required for the development of her offspring. However, the mechanism for transporting vitamin B12 from the mother's intestine into her gonad is not yet known. Here, we use RNAi of more than 200 transporters with a vitamin B12-sensor transgene to identify the ABC transporter MRP-5 as a candidate vitamin B12 exporter. We show that injection of vitamin B12 into the gonad of mrp-5 knockdown mothers rescues embryonic lethality in her offspring. Altogether, our findings identify a maternal mechanism for the transit of an essential vitamin to support the development of the next generation.
SUMMARY
Vitamin B12 functions as a cofactor for methionine synthase to produce the anabolic methyl donor S-adenosylmethionine (SAM) and for methylmalonyl-CoA mutase to catabolize the short chain fatty acid propionate. In the nematode Caenorhabditis elegans, maternally supplied vitamin B12 is required for the development of her offspring. However, the mechanism for transporting vitamin B12 from the mother's intestine into her gonad is not yet known. Here, we use RNAi of more than 200 transporters with a vitamin B12-sensor transgene to identify the ABC transporter MRP-5 as a candidate vitamin B12 exporter. We show that injection of vitamin B12 into the gonad of mrp-5 knockdown mothers rescues embryonic lethality in her offspring. Altogether, our findings identify a maternal mechanism for the transit of an essential vitamin to support the development of the next generation.
INTRODUCTION
Maternal micronutrient status during pregnancy greatly affects embryonic development and fetal health (Dror and Allen, 2008; Fall et al., 2003; Owens and Fall, 2008; Skjaerven et al., 2016) . For instance, the intake of folate supplements by pregnant women reduces the occurrence of neural tube defects in newborns (Czeizel and Dudas, 1992; Viswanathan et al., 2017) . Folate functions together with vitamin B12, or cobalamin, in the one carbon cycle to recycle methionine from homocysteine (Moreno-Garcia et al., 2013) (Figure 1A) . One of the main functions of the one-carbon cycle is to produce S-adenosylmethionine (SAM), a major methyl donor required to synthesize phosphatidylcholine, an important component of cellular membranes, and to modify histones and DNA to ensure proper genomic functions (Rosenblatt and Whitehead, 1999) . The other function of vitamin B12 is as a cofactor in the breakdown of the short chain fatty acid propionate (Carrillo-Carrasco and Venditti, 1993) (Figure 1A) . Humans obtain vitamin B12 through ingestion of animal products in which this stable micronutrient is efficiently stored (Martens et al., 2002) . Deficiency of vitamin B12 in newborns is mostly caused either by maternal depletion or malabsorption, although rare recessive inborn errors of vitamin B12 processing or utilization have also been identified (Rosenblatt and Cooper, 1990; Rosenblatt and Whitehead, 1999) .
Recently, the nematode Caenorhabditis elegans has been established as a powerful model for studying vitamin B12-dependent processes . C. elegans is a bacterivore that can be fed individual bacterial species and strains that can elicit different effects on the animal's life history traits and gene expression. For instance, when fed Comamonas aquatica DA1877 bacteria, the animals develop faster, have reduced fecundity, and shorter lifespan relative to animals fed the standard laboratory diet of Escherichia coli OP50 Watson et al., 2013) . These dietary differences are due, at least in part, to the fact that Comamonas synthesizes vitamin B12, whereas E. coli does not (Watson et al., 2014) . Dietary vitamin B12 is required to support C. elegans development, as the animal itself cannot synthesize this cofactor (Bito et al., 2013; Watson et al., 2014) . Vitamin B12 is ingested by the mother and needs to be transported from the intestine into the gonad to support the development of her offspring. However, the mechanism by which this occurs is not yet known.
Here, we report that the ABC transporter mrp-5 controls vitamin B12 transport from the intestine into the gonad to support C. elegans embryonic development.
RESULTS

An RNAi Screen Identifies the ABC Transporter MRP-5 as a Candidate to
Transport Vitamin B12 from the C. elegans Intestine into the Gonad
We have previously established the Pacdh-1::GFP transgenic C. elegans strain as a powerful reporter of dietary vitamin B12 status: in this strain GFP is highly expressed when vitamin B12 is low and repressed when levels of this micronutrient are high (Arda et al., 2010; MacNeil et al., 2013; Watson et al., 2014; Watson et al., 2016) . GFP expression in this strain is under the control of the promoter of the acyl-CoA dehydrogenase acdh-1. This gene encodes the first enzyme of an alternate propionate breakdown pathway, or propionate shunt, which does not require vitamin B12 (Watson et al., 2016) (Figure 1A) .
In Pacdh-1::GFP transgenic animals GFP expression in embryos is usually similar as in the mother. For instance, when fed a bacterial diet high in vitamin B12 (e.g., Comamonas), GFP levels are low in mothers and embryos whereas GFP levels are high in both when mothers are fed a diet low in vitamin B12 (e.g., E. coli OP50) Watson et al., 2014) (Figure 1B) . However, we noticed that this correlation does not hold when animals are fed a diet of E. coli HT115, a strain used for RNAi by feeding experiments (Conte et al., 2015) . With this strain, GFP levels are intermediate in the mother but low in her offspring ( Figure 1B) . This difference may be due to differences in vitamin B12 uptake from the media between these E. coli strains, since neither strain is capable of synthesizing vitamin B12. Importantly, this difference presented a convenient opportunity to perform an RNAi screen for transporters that deposit vitamin B12
into developing embryos as we could screen for genes that, when knocked down, led to reduced GFP in the mothers in the presence of vitamin B12, but increased levels of GFP in their offspring. This phenotype would indicate that vitamin B12 is present in the intestine of the mother, but is lacking in her embryos, which would point to a failure of transport between the mother's intestine and gonad ( Figure   1C ).
We performed RNAi knockdown of 215 predicted C. elegans transporters of the ABC transporter and solute carrier families by feeding animals E. coli HT115 bacteria expressing double-stranded RNA in the presence of 64 nM vitamin B12 ( Figure 1C ). We identified a single gene, mrp-5, that, when knocked down, resulted in mothers with low levels of GFP expression and dead embryos with high GFP expression ( Figure 1D) . mrp-5 encodes an ABC transporter belonging to the multi-drug resistance protein (MRP) family, which consists of nine members in C. elegans (Korolnek et al., 2014) . We retested eight of the nine members of this family for which RNAi clones were available, and found that only mrp-5 knockdown caused activation of GFP expression in the F 1 generation ( Figure 1E ). We then titrated vitamin B12 from 6.4 nM to 6.4 μM and found that GFP expression remains activated in mrp-5 knockdown embryos (Figure S1 ).
MRP-5 is expressed in the intestine (Korolnek et al., 2014) . If mrp-5 indeed encodes a transporter that pumps vitamin B12 from the C. elegans intestine into the gonad, this would lead to the prediction that higher levels of this cofactor should be retained in the intestine when the transporter is perturbed. To test this prediction, we generated a single copy insertion strain that expresses GFP fused to the histone H2B protein under the control of the acdh-1 promoter (Pacdh-1::GFP::H2B), so that GFP fluorescence would be localized to the nucleus, and differences in GFP levels could be more easily monitored. In addition, we used an RNAi-compatible strain of E. coli OP50 (Xiao et al., 2015) , because embryos from mother animals fed this diet express much higher levels of GFP than embryos from animals fed E. coli HT115, the parental RNAi strain ( Figure   1B ). We found that 0.32 nM vitamin B12 was sufficient to repress intestinal GFP in mrp-5 (RNAi) animals whereas 3.2 nM was needed to repress GFP in vector control animals ( Figure 1F ). This finding suggests that vitamin B12 is retained in the intestine when mrp-5 is knocked down. Together these findings suggest that mrp-5 encodes a transporter that exports vitamin B12 from the intestine into the gonad of the mother to support embryonic development of the offspring.
Injection of Vitamin B12 into the Gonad Rescues Embryonic Lethality
Caused by Loss of mrp-5
We predicted that supplementation of vitamin B12 into the gonad should bypass the requirement for vitamin B12 transport from the intestine and rescue embryonic lethality caused by perturbation of mrp-5. To test this prediction, we injected either vitamin B12 or water (vehicle) as a control into the gonad of Pacdh-1::GFP animals that were exposed to mrp-5 or vector control RNAi. If the vitamin B12 injection into the gonad bypassed MRP-5-dependent transport, we expected to observe live embryos with low GFP expression, while injecting water would lead to dead embryos with high GFP expression (Figure 2A) . Indeed, injection of vitamin B12 into the gonad fully and specifically rescued embryonic viability in mrp-5 knockdown animals ( Figure 2B ). In addition, in Pacdh-1::GFP transgenic animals exposed to mrp-5 RNAi, injecting vitamin B12 into the gonad resulted in live larvae with low levels of GFP, while injection of water resulted in dead embryos with high GFP expression ( Figure 2B ). We recapitulated these findings with mrp-5(ok2067) deletion mutant animals. Since mrp-5 is located on the X chromosome and mothers homozygous for the mrp-5 deletion display embryonic lethality with a small percentage hatching but arresting at the L1-L2 stage, the mrp-5 deletion is maintained genetically balanced with +/svT1[lon-2(e678)] ( Figure 2C) . As above, heterozygous mothers injected with vitamin B12 into their gonad produced offspring that survived to the adult stage ( Figure 2D , lower left).
Importantly, injection of the vehicle control showed a few F 1 mrp-5 null embryos that hatched and survived to the L1-L2 stage, while mrp-5 deficient animals injected with vitamin B12 survived to the adult stage. Genotyping the offspring from mothers injected with vitamin B12 confirmed that viable adult F 1 animals homozygous for the mrp-5 deletion were obtained (Figure 2D , lower right).
Further, offspring of the F 1 mrp-5 deficient animals are mostly embryonic lethal, suggesting that in the absence of mrp-5 vitamin B12 cannot be passed on to the next (F 2 ) generation. Altogether, these findings show that vitamin B12 injected into the gonad of mrp-5 deficient mothers can rescue embryonic lethality in her offspring, further supporting the finding that mrp-5 is involved in transporting vitamin B12 from the intestine to the gonad.
Heme Rescues Embryonic Lethality in mrp-5 (RNAi) Animals
A previous study proposed that mrp-5 encodes a heme transporter (Korolnek et al., 2014) . This finding was supported by the observation that embryonic lethality in mrp-5 knockdown animals could be rescued by feeding the animals high doses of heme (Korolnek et al., 2014) . How could either feeding of heme or injection of vitamin B12 rescue embryonic lethality of mrp-5 knockdown or mutant animals?
ABC transporters are known to be capable of transporting numerous similar types of molecules (Lee and Rosenbaum, 2017; Locher, 2016; Slot et al., 2011) . Heme and vitamin B12 share some structural similarities; heme is an iron-containing porphyrin, while vitamin B12 is related to porphyrins and contains cobalt as a metal ion ( Figure 3A) . Thus, it is possible that MRP-5 transports both molecules.
However, if lack of heme and vitamin B12 explains embryonic lethality of mrp-5 knockdown animals, one would expect that neither cofactor alone would be sufficient for rescue. Our observation that embryonic lethality can be rescued by injection of vitamin B12 into the gonad indicates that lack of vitamin B12 rather than heme may be the cause of embryonic lethality when MRP-5 function is perturbed. To further examine the effects of heme on animal development, we repeated the experiment published in the previous study (Korolnek et al., 2014) and confirmed that feeding 500 μM heme can rescue embryonic lethality in the offspring of mrp-5(RNAi) animals ( Figure 3B) . Interestingly, however, such a high dose of heme was toxic to vector control animals ( Figure 3B) . Importantly, one can argue that feeding heme does not actually test for transport because the cofactor would be stuck in the intestine when mrp-5 is perturbed, which would thus not result in the rescue of embryonic development in the offspring.
One explanation for the rescue of embryonic development by feeding heme is that this actually increases vitamin B12 passage into the gonad.
Therefore, we next asked whether heme affects the vitamin B12-responsive
Pacdh-1 reporter. We supplemented increasing concentrations of heme and found that the reporter was unaffected by heme in adult animals ( Figure 3D ). As noted above, embryos from mothers treated with mrp-5 RNAi without supplemented heme expressed high levels of GFP, suggesting that vitamin B12 cannot enter the embryos and repress the reporter. Importantly, however, GFP levels were greatly reduced in embryos from mrp-5 knockdown animals supplemented with 500 μM heme (Figures 3C) . These findings suggest that supplying a high dose of heme facilitates transport of vitamin B12 into the gonad and, therefore, that the cause for embryonic lethality is lack of vitamin B12 and not heme. Indeed, we found that while injection of vitamin B12 into the gonad rescues embryonic development in mrp-5 knockdown animals, direct injection of 200 μ M heme poorly rescued, with some L1-L2 larvae expressing high levels of GFP ( Figure 3E ).
Methionine and S-Adenosyl Methionine Content is Reduced in Offspring from mrp-5 (RNAi) Mothers
Although vitamin B12 is a cofactor for two different metabolic enzymes ( Figure   1A) , our previous studies demonstrated that the developmental delay caused by vitamin B12 deficiency is mainly due to its function as a cofactor for the methionine synthase enzyme METR-1, which generates the methyl donor SAM from methionine (Watson et al., 2014) . To determine if the lack of vitamin B12 or the lack of heme in mrp-5 deficient animals results in defects in the SAM cycle, we measured the levels of methionine and SAM in embryos from mothers treated with mrp-5 or vector control RNAi. We reasoned that differences in methionine and SAM content would be most clear in the presence of supplemented vitamin B12 because the E. coli diet is naturally low in this cofactor. Indeed, we detected a reduced methionine and SAM content in embryos from mothers treated with mrp-5 RNAi relative to control animals in the presence of vitamin B12 (Figures 4A   and 4B) . Further, SAM levels could be restored to wild type levels by treating the animals with 500 µM heme. These results suggest that a defect in the SAM cycle caused by the lack of vitamin B12 in mrp-5 deficient embryos contributes to embryonic lethality.
DISCUSSION
We identified MRP-5 as a candidate transporter that exports vitamin B12 from the C. elegans intestine into the gonad in the mother to support the development of her offspring. MRP-5 is a member of the C. elegans ABC transporter family and these transporters are known to function as exporters of metabolites and drugs (Locher, 2016; Sheps et al., 2004; Slot et al., 2011) . MRP-5 has previously been reported to export heme in C. elegans (Korolnek et al., 2014) . C. elegans can synthesize neither vitamin B12 nor heme and depends on dietary supplementation of both cofactors. Loss or reduction of mrp-5 by RNAi knockdown or by genetic mutation results in embryonic or larval lethality. As reported previously, we confirm that this lethality can be rescued by feeding the mother high concentrations of heme. However, it can also be rescued by injecting vitamin B12 directly into the gonad, bypassing the need for import from the intestine. Wild type C. elegans require only low doses of heme (20 μM) (Rao et al., 2005) and high doses of heme are toxic to many systems (Chiabrando et al., 2014) . Indeed, supplementing wild type animals with a dose of 500 μM heme was toxic to C. elegans as well ( Figure 3B) . One mechanism of heme toxicity is by enhanced membrane permeability (Chiabrando et al., 2014) . Therefore, we
propose that supplementing mrp-5 knockdown animals with high concentrations of heme leads to increased intestinal membrane permeability, enabling both heme 13 and vitamin B12 to pass through without the need for a dedicated transporter ( Figure 4B ).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
C. elegans Strains
All C. elegans strains were maintained at standard laboratory conditions as described (Brenner, 1974) , and strain N2 was used as wild type. Construction of VL749 (wwIs24 [Pacdh-1::GFP + unc-119(+)]) strain has been previously described (Arda et al., 2010) . Strain VL1168 (wwSi1[Pacdh-1::GFP::H2B
unc-119(+)] II; avr-14(ad1302) I; unc-119(ed3) III; avr-15(ad1051) ; glc-1(pk54) V)
was generated by mos1-mediated single copy insertion (Frokjaer-Jensen et al., 2008) . The mrp-5 mutant strain VC1599 (+/szT1 [lon-2(e678)] I; mrp-5(ok2067)/szT1 X) was obtained from the C. elegans Genetics Center (CGC).
Bacterial strains E. coli OP50, HT115 and Comamonas aquatica DA1877 were obtained from CGC. The E. coli OP50 RNAi compatible bacterial strain was generously provided by the Xu lab (Xiao et al., 2015) .
RNAi Screen
The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to predict C. elegans ABC transporters and solute carrier transporters (Kanehisa et al., 2015) . The transporter RNAi mini-library was generated by selecting 215 clones from both the ORFome and Ahringer RNAi libraries (Kamath et al., 2003; Rual et al., 2004 after 80 hours of incubation, when the F 1 generation was at the young adult stage.
Vitamin B12 Injection
Animals were treated with mrp-5 RNAi generated in an E. coli OP50 RNAi compatible strain. Vitamin B12 (3.2 mM) was injected into the gonad of L4 animals using a Narishige microinjection arm attached to the body of a Nikon Eclipse Ti inverted microscope. Sterile water was injected into the control group.
After injection, animals were singled and treated with the same RNAi (mrp-5 or vector). Phenotypes were scored after two days. mrp-5(ok2067) heterozygotes were singled at the L4 stage. Vitamin B12 was injected as above. After injection, animals were singled and the phenotype was scored after five days.
S-Adenosyl Methionine (SAM) Measurement
SAM was measured using a Bridge-It S-Adenosyl Methionine Fluorescence assay kit purchased from Mediomics (SKU: 1-1-1004) following the manufacturer's recommendations.
Heme Solution Preparation
10 mM Hemin solution was prepared as described (Hickman and Winston, 2007) .
6.5 mg/ml Hemin (Sigma-Aldrich) was dissolved in 0.1 M NaOH and incubated at 37°C for 1 hour. 1 M Tris, pH 7.5, was then added to a final concentration of 0.1 M.
The pH was adjust using HCl, and the hemin solution was stored at 4°C, protected from light and used within two days.
Relative Quantification of Methionine using GC-MS
Approximately 150,000 embryos were homogenized with 0.5 ml of 200-300 μ m acid-washed glass beads (Sigma-Aldrich) in 1 ml 80% methanol using 
